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A ductile and super strong nanostructured twinning-induced plasticity (TWIP) steels were fabricated by cold rolling and recovery treatment.
This strong and ductile nanostructured alloy can be used for the anti-intrusion part of body-in-white. Cold rolling was used to produce intensive
nano-twins so that the microstructure was greatly reﬁned. Recovery is employed to anneal dislocations for improving the ductility. A physical
model is proposed to describe the relationship between the yield stress and the twin density. Furthermore, the present work also found that the
activation energy for recovery is 160 J/mol, which implies that the recovery mechanism is governed by dislocation core diffusion.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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The high manganese austenitic twinning-induced plasticity
(TWIP) steel is well known for their exceptional combination
of high strength and large ductility during plastic deformation at
ambient temperature. Their outstanding mechanical properties
induced by the high strain-hardening rate provide remarkable
potential for automotive applications. However, the yield stresses
(YS) of coarse-grained TWIP steels with different grades [1–6]
are lower than 400 MPa. This limits the immediate application of
TWIP steels in automotive industry, especially in the anti-
intrusion part of body-in-white [7]. Several approaches have
been tried to improve the YS. The methods include reducing
grain size down to a few micrometers [1,8,9], the V, Ti, Nb
carbides precipitation [7], cold rolling followed by annealing
treatment [10–12] and partial recrystallization [13]. Among them,/10.1016/j.pnsc.2014.01.004
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nder responsibility of Chinese Materials Research Society.the conventional technique, pre-straining and subsequent recovery
treatment, has proved to be an effective way to increase the YS
while maintain relatively high ductility. Observed by Bouaziz
et al. [10], the mechanical nano-twins induced by cold rolling are
stable during recovery treatments. Therefore, the high YS can be
obtained by introducing intensive nano-twins while the ductility
is improved due to the decrease of dislocation density. In this
study, mechanical properties and microstructure evolution of cold
rolled TWIP steel during recovery were measured in order to
investigate the recovery kinetics of the cold rolled TWIP steel.2. Experiments
The TWIP steel with a composition of Fe–22Mn–0.6C
(wt %) was chosen in this work. The received hot rolled sheets
were rolled at room temperature to 30% reduction in thickness
and consequently recovered at 500 1C for 180 s, 1800 s and
3600 s respectively. The tensile tests in the rolling direction of
all the samples were performed at room temperature with a
strain rate of 2 104 s1 on a hydraulic tensile test machine.
The ﬂat specimens had 10 mm gage length, 10 mm gage width
and 2.9 mm gage thickness. A Vickers hardness tester was
used to carry out the hardness measurement, with a load ofy Elsevier B.V. All rights reserved.
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Fig. 1. Engineering stress–strain curves of Fe–22Mn–0.6C TWIP steel with
different treatments.
Table 1
YS and uniform elongation (UEl) of each sample.
Sample Yield stress
[MPa]
Uniform elongation
UEl [%]
As-received, average grain size, d¼20 μm 332 67.6
Fine-grained, average grain size, d¼2.7 μm 457 59.1
30% As rolled 1436 2.8
30% As rolledþ500 1C–180 s 1330 13.7
30% As rolledþ500 1C–1800 s 1204 19.2
30% As rolledþ500 1C–3600 s 1195 20.1
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nine points was measured.
Microstructure of the recovered specimens was character-
ized by electron back-scattered diffraction (EBSD) in a ﬁeld
emission gun scanning electron microscope (SEM). The EBSD
test were performed on the normal direction (ND) plane
parallel to both the transverse direction (TD) and rolling
direction (RD). The EBSD samples were mechanically
polished and further electropolished for 30 s at a temperature
of 15 1C. The electrolyte solution contains 5 vol% of per-
chloric acid, 15 vol% of acetic acid and 80 vol% ethanol.3. Results and discussions
3.1. Tensile tests and work hardening rates
Fig. 1 shows the tensile curves of the Fe–22Mn–0.6C TWIP
steel after cold rolling and recovery treatment. The engineering
stress–strain curves of as-received fully recrystallized (with
average grain size of 20 mm) material and ﬁne-grained (with
average grain size of 2.7 mm) sample are also plotted in Fig. 1.
The YS and uniform elongation (elongation at necking) for all
the samples are listed in Table 1 for comparison.
The grain reﬁnement of Fe–22Mn–0.6C TWIP steel from
20 mm down to 2.7 mm provides an increment of 125 MPa tothe YS. According to a ﬁtted Hall–Petch equation of Fe–
22Mn–0.6C [14], the YS could be higher than 600 MPa with
submicron grain size. Nevertheless, due to the limitation of
manufacturing technique, the minimum grain size achieved in
current industrial process is around 2.5 mm for the Fe–22Mn–
0.6C TWIP steel. The 30% of thickness reduction by cold
rolling leads to the YS of 1436 MPa combined with little
ductility. After heated at 500 1C for only 180 s, the cold rolled
TWIP steel exhibits obvious increase of uniform elongation
(from 2.8% to 13.7%) with YS of 1330 MPa. The ductility
shows further increase with extension of recovery treatment
duration. This indicates that the metallurgical process, cold
rolling follow by recovery treatment, is an efﬁcient method to
acquire excellent combination of high YS and ductility.
Fig. 2 presents the work hardening rate as a function of true
stress. The work hardening rate of 30% cold rolled sample
decreases rapidly, while the recovery-treated samples demon-
strate a clearly better combination of stress and work
hardening rate.
3.2. Evolution of microstructure and GND density
Fig. 3, the EBSD Kikuchi pattern quality image, shows the
microstructural evolution of 30% cold rolled Fe–22Mn–0.6C
TWIP steel with recovery duration. No obvious decrease in
density of deformation twins was observed. This suggests that
the decrease of YS from 1436 MPa (as rolled specimen) to
1195 MPa (cold rolled specimen with annealed at 500 1C for
3600 s) is attributed to the annihilation of dislocations due to
recovery treatment.
In order to investigate the dislocation density evolution
during annealing, the density of geometrically necessary
dislocations (GND) was introduced in this study. The trans-
mission electron microscopy (TEM) approach [15,16] is an
accurate method to determine the dislocation density owing to
its high resolution to distinguish dislocations. Nevertheless, to
measure the average dislocation density by TEM is time
consuming and the detected area is small. Obtaining GND
density from EBSD has been proved to be an effective way to
estimate the dislocation density over a relatively large sample
area [17–20]. Proposed by Kubin and Mortensen [21], the
GND density ρGND is related to the misorientation angle θ as
ρGND ¼
2θ
ub
ð1Þ
where u and b are unit length (step size in EBSD measure-
ment) and Burgers vector, respectively. The misorientation
angel θ is deﬁned as the average misorientation between the
measurement point and the set of nearest neighbor points. The
kernel average misorientation (KAM), which can be acquired
from EBSD data, was adopted. In the present work, for each
specimen, an area of 65 50 μm2 was scanned via EBSD,
with the step size is set to be 0.05 mm.
Fig. 4 shows the GND density distributions of the cold
rolled and annealed specimens. The calculated GND densities
and corresponding YS are listed in Table 2. It is obvious that
the GND density decreases with increasing recovery duration.
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which has the same order of magnitude as other TWIP steel
(Fe–31Mn–3Al–3Si steel with average grain size of 18 mm, at
0.4 true strain, the dislocation density was measured to beFig. 3. The EBSD Kikuchi pattern quality images of the Fe–22Mn–0.6C TWIP stee
(c) and 3600 s (d).
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Fig. 2. Work hardening rates as a function of true stresses. The straight line
represents the Considère0s criterion for necking.about 2.17 1015 m2) [22]. This suggests that the method of
calculating GND density from EBSD is feasible for
TWIP steel.3.3. Modeling of the yield stress
As the dislocation density does not increase during elastic
deformation, the YS sy can be expressed as
sy ¼ s0þαMμb ﬃﬃﬃﬃﬃρt:p ð2Þ
where s0 is due to solid solution, α is a constant, M is the
Taylor factor, μ is the shear modulus, and ρt is the dislocation
density of the specimen before tensile loading. In present
work, ρGND was chosen to represent ρt.
According to Eq. (2), if the value of
ﬃﬃﬃ
ρ
p
GND is decreased by
10%, the reduction of sy value should be less than 10%.
However, the data listed in Table 2 reveals an opposite trend.
For instance, a comparison of
ﬃﬃﬃ
ρ
p
GND and YS of as rolled
specimen and 500 1C–3600 s annealed specimen shows thatﬃﬃﬃ
ρ
p
GND decreases by 4.9%, while the reduction of YS is
16.8%. This reverse trend indicates that some other form of
stress also contributes to the YS.l 30% cold rolled (a) and subsequently recovered at 500 1C for 180 s (b), 1800 s
Fig. 4. GND density distribution maps of the Fe–22Mn–0.6C TWIP steel 30% cold rolled (a) and subsequently recovered at 500 1C for 180 s (b), 1800 s (c) and
3600 s (d).
Table 2
GND densities with corresponding YS.
Sample Yield stress [MPa] GND density,
ρGND [m
2]
30% As rolled 1436 2.92 1015
30% As rolledþ500 1C–180 s 1330 2.75 1015
30% As rolledþ500 1C–1800 s 1204 2.65 1015
30% As rolledþ500 1C–3600 s 1195 2.64 1015
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steels, arises from dislocations stopped at twin and grain
boundaries, causes strong Bauschinger effect [23,24]. The
cold rolling introduces intensive nano-twins so that there will
be dislocations piled up at the deformation twin boundaries.
Therefore the back-stress sb is included in Eq. (2) as
sy ¼ s0þαMμb ﬃﬃﬃρp GNDþsb: ð3Þ
and,
sb ¼ nMμb
1
d
þ F
2eð1FÞ
 
: ð4Þwhere n is the number of dislocations which are stopped at
boundaries, d is the average grain size, e and F are twin mean
thickness and twin volume fraction, respectively.
The modeling results are listed in Table 3. The good
agreement between model predictions and experimental results
implies that the back-stress contributes to the YS and the
recovery treatment will remove dislocations both in the bulk
and at the boundaries (twin and grain). The parameters used in
present model are summarized in Table 4. Except for n and
ρGND (shown in Table 2). It is worth noting that the same e
(mean thickness of twins) and F (volume fraction of twins) are
used for all the predictions, which indicate that recovery at
500 1C for 3600 s will only remove dislocations but not the
twins. This consists with the EBSD observations.3.4. Recovery mechanism
Fig. 5 shows the decrease of the Vickers hardness (HV5)
with increasing annealing duration. During recovery treatment,
the dislocation density ρ is evolving with annealing time
as [25]
ρ¼ ρmη lnð1þβtÞ: ð5Þ
Table 3
Modeling results.
Sample Experimental yield stress,
YS [MPa]
Modeling yield
stress, sy [MPa]
Modeling back-stress, sb [MPa] Number of piled up dislocations
30% As rolled 1436 1439 511 5.4
30% As rolledþ500 1C–180 s 1330 1334 426 4.5
30% As rolledþ500 1C–1800 s 1204 1207 312 3.3
30% As rolledþ500 1C–3600 s 1195 1197 303 3.2
Table 4
Parameters used in the model.
Parameters Physical meaning Value
s0 Lattice friction stress 230 [MPa]
μ Shear modulus 65 [GPa]
b Burgers vector 2.5 1010 [m]
M Taylor factor 3.06
α Mean dislocation strength 0.26
d Average grain size 20 [μm]
e Twin mean thickness 30 [nm]
F Twin volume fraction 0.1
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Fig. 5. Vickers hardness (HV5) vs time of recovery treated at 450 and 500 1C.
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is recovery constant and β is the instantaneous recovery rate,
which can be expressed in the form of Arrhenius equation as
β¼ ν exp  Qrec
kT
 
: ð6Þ
where ν is a constant, Qrec is the recovery activation energy, k
is the Boltzmann constant (k¼1.38065 1023 J/K) and T is
the absolute temperature. If the two sets, (t1,T1) and (t2,T2),
lead to the same hardness, they will also result in the same
change in dislocation density. Then combining Eqs. (5) and (6),
exp  Qrec
kT1
 
t1 ¼ exp 
Qrec
kT2
 
t2: ð7Þ
Then the activation energy of recovery process can be
derived from Eq. (7) as
Qrec ¼
kT1T2ðln t1 ln t2Þ
T2T1
: ð8Þ
For the 30% cold rolled Fe–22Mn–0.6C TWIP steel,
(3600 S, 723 K)and (600 S, 773 K) treatments produce the
same hardness, then according to Eq. (8), the activation energy
of recovery process is Qrec¼1.73 eV¼167 kJ/mol.
The recovery is believed to be governed by dislocation
diffusion. Therefore the underlying mechanism can be deter-
mined by comparing recovery activation energy obtained from
experiment and the activation energies of self and core
diffusion. Owing to the lack of activation energy data of the
present alloy, the present study utilizes the activation energy
data of γ–Fe [26]. It is noted that the experimental derived
recovery activation energy is much smaller than the activation
energy of self diffusion in γ–Fe (2.80 eV¼270 kJ/mol), but
very close to the activation energy of core diffusion in γ–Fe(1.65 eV¼159 kJ/mol). Consequently, it is suggested that the
recovery process of 30% cold rolled Fe–22Mn–0.6C is
controlled by diffusion from the dislocation cores.
4. Conclusions
The mechanical properties and recovery kinetics of the 30%
cold rolled Fe–22Mn–0.6C TWIP steel was experimentally
characterized. The main conclusions of this work are drawn as
follows:(1) An excellent combination of high yield stress and uniform
elongation can be realized by cold rolling with subsequent
recovery for a suitable duration.(2) For the investigated cold rolled material, the recovery
treatment at a temperature of 500 1C for 3600 s will
increase the ductility by reducing dislocation density. At
the meantime, the deformation twins which were induced
by cold rolling remain and contribute to the high yield
stress.(3) A model was proposed to describe the yield stress by
taking back-stress into account. The good predictions
suggest that recovery will eliminate dislocations both in
the bulk and at the twin boundaries and grain boundaries.(4) The recovery activation energy of the 30% cold rolled Fe–
22Mn–0.6C TWIP steel was experimentally determined to
be Qrec¼1.73 eV¼167 kJ/mol, close to the dislocation
core diffusion activation energy of γ–Fe. This implies that
G.W. Yuan, M.X. Huang / Progress in Natural Science: Materials International 24 (2014) 50–55 55the recovery of the investigated TWIP steel is controlled
by diffusion from dislocation cores.Acknowledgments
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